To generate germ-free larvae, we collected eggs 15 hours after FC females were 1 5 3 provided with a fresh carcass. These were surface sterilized twice for 15 minutes in an 1 5 4 antimicrobial solution containing hen-egg white lysozyme (1 mg/ml), streptomycin 1 5 5
(500 µg/ml) and ampicillin (100 µg/ml), and followed by a sterile water wash. Next, 1 5 6 treated eggs were transferred onto 1% water agar plates to hatch. Previous 1 5 7 experiments have shown that eggs thus treated are free of bacteria (28). 0 -24h old 1 5 8
first-instar larvae were transferred onto new sterile 1% water agar petri dishes 1 5 9
(100mm x 15mm) in groups of a maximum of 7 larvae. Larvae on each plate were 1 6 0 derived from independent breeding pairs. Larvae were fed a sterile diet developed 1 6 1 using Pasteurized chicken liver prepared via a "Sous vide" cooking approach. Fresh 1 6 2 chicken liver was sliced into 3g chunks using aseptic technique and transferred in 1 6 3 individual pieces to a 1.5ml eppendorf tube containing 100 µl sterile water. These 1 6 4
were then placed in a water bath at 65°C for 8 minutes, followed by immediate 1 6 5 cooling at -20°C. We determined the effectiveness of this method by plating liver 1 6 6 samples before and after pasteurization onto both 1/3 strength Tryptic Soy agar and 1 6 7 LB agar. The initial CFU of unpasteurized liver was ~ 1e 6 /gram CFU while following 1 6 8 treatment the CFU was reduced to 0 (with a limit of detection of ~ 10 CFU/mL).
6 9
Larvae were offered this sterile diet, alone or coated with different bacterial inocula, 1 7 0 on new 1% water agar plates daily. 1 9 0
Ten microliters of this solution, containing ~10 6 cells total, was used to coat sterile 1 9 1 liver prepared as above. Inoculations with 2 species contained the same total bacterial 1 9 2 density, with each species present at a 1:1 ratio. Larvae were provided with inoculated 1 9 3 diet for six hours on a sterile water agar plate, after which they were transferred to a 1 9 4 new agar plate containing new sterile diet. Subsequent transfers to plates containing 1 9 5 fresh sterile food took place every 24 hours for 7 days, or until larvae were 1 9 6 destructively sampled. In experiments where larvae were sequentially challenged with 1 9 7 different bacterial species, we treated larvae the same as above, but larvae were 1 9 8 inoculated with target strains in series: the first as above, and the second 6 hours later 1 9 9 on a new plate containing diet coated with the second bacterial strain. As with the first 2 0 0 exposure, larvae were exposed to bacteria in the second inoculum for 6 hours, after 2 0 1 which they were returned to a sterile plate with sterile diet. to test if CI values for each strain differed significantly from 0. with fine forceps and suspending these in 0.7 ml sterile PBS. Gut contents were 2 1 8 serially diluted in PBS and plated to quantify CFU on a chromogenic medium 2 1 9
(CHROMagar TM Orientation), which can distinguish our experimental strains based 2 2 0 on both color and morphology ( Figure S1 ). Mortality rates for each treatment were:
Larval fitness with different bacterial colonizers 2 2 5 2 2 6
To determine the impact of different bacterial symbionts on larval survival, larvae 2 2 7 were inoculated as above and then monitored for survival through time. Larvae 2 2 8 exposed to sterile PBS (pH = 7.2) were used as a control in this experiment. A 2 2 9 minimum of 40 larvae from 9 -15 families was collected for each bacterial treatment.
3 0
We monitored larval survival every 24 hours after inoculation. To reduce the high 2 3 1 rates of mortality in larvae reared on liver, all the experimental larvae were 2 3 2 transferred daily into a fresh petri dish containing fresh sterile diet. microbiomes have a significant influence on parental fitness (Figure 1 ). FC parents 2 5 7 produced significantly heavier broods than NC parents, irrespective of brood size (2-2 5 8 tailed ANCOVA: F 1,27 = 6.09, p = 0.021). In addition, the mean larval mass was 2 5 9 7 1 varies significantly between strains (2-tailed ANOVA: F 3,12 = 43.13, p < 0.001).
2 7 2 2 7 3
Competitive interactions between species were next determined using in vivo pairwise 2 7 4 assays where two species were simultaneously inoculated into 1 day old larvae.
7 5
Consistent with expectations based on mono-associated larvae, we observed clear 2 7 6 competitive differences between the strains. Providencia and Morganella 2 7 7 significantly outcompeted both Serratia (P vs S: t 5 = 2.52, p = 0.053; M vs S: t 3 = 2 7 8 4.42, p = 0.022) and E. coli (P vs E: t 2 = 11.26, p < 0.001; M vs E: t 3 = 5.89, p = 2 7 9 0.01), although to different degrees. By contrast, there were no significant competitive 2 8 0 differences between Providencia and Morganella (P vs M: t 4 = 2.16, p = 0.097) 2 8 1 ( Figure 3A ). Our results show that the endogenous microbiome provides likely benefits to 2 9 4
Nicrophorus by increasing total brood mass, and also that key members of this 2 9 5 microbiome can outcompete species that are predominantly found in larvae that do 2 9 6 not receive parental care. To test if these competitive interactions translate into 2 9 7 differences in larval fitness, we measured the survival of larvae inoculated with single 2 9 8 or multiple strains, as above. Results in Figure 4A show that larval mortality varies 3 0 6 3 0 7
We also observed significant differences in survival when larvae were simultaneously 3 0 8 inoculated with Serratia and either of the endogenous species compared to survival 3 0 9
when Serratia is inoculated alone (χ 2 = 38.767, df = 4, P < 0.001). Most importantly, 3 1 0
we found that co-inoculating Serratia with Providencia and/or Morganella 3 1 1 significantly increased larval survival, suggesting that these species provide 3 1 2 protection via colonization resistance for larvae (Wald statistic of PS; MS; PMS = 3 1 3 8.188; 3.697; 5.102, respectively, all P < 0.05, Figure 4B ). However, this benefit of 3 1 4 colonization resistance disappeared when Serratia was able to become established 3 1 5
prior to inoculation with Providencia; there were no survival differences between 3 1 6 larvae inoculated with Serratia twice in series and larvae first inoculated with 3 1 7
Serratia and then followed by Providencia (Wald statistic of S/P = 0.077, P = 0.782, 3 1 8 Figure 4C ). In light of results in Figure 3B showing that order of inoculation does not 3 1 9
affect Providencia competitiveness, these survival results indicate that Serratia 3 2 0 induced larval mortality is insensitive to bacterial competitiveness, thus supporting 3 2 1 the idea that initial establishment of the endogenous microbiota is crucial for 3 2 2 colonization resistance .   3  2  3  3  2  4  3  2  5  Discussion   3  2  6  3  2  7 Nicrophorus larvae are exposed to a highly diverse microbiota in their breeding 3 2 8 environment, first from the soil where they hatch and next from the microbes 3 2 9
proliferating on and within their carrion resource. In the absence of parental care, experiments between Providencia and Serratia, we found that the order of inoculation 3 5 7 did not affect the competitive outcome between strains ( Figure 3B ). This latter result 3 5 8
suggested that priority effects are not realized in this system because Serratia could 3 5 9
be displaced even after a 24-hr head start in colonization. By contrast, another recent 3 6 0 study found that the colonization competitiveness of Borrelia strains within the mouse 3 6 1 gut are significantly determined by their order of presentation to the host mouse (33). inoculation. However, the fact that Providencia can still invade an established 3 6 7
Serratia-colonized larva ( Figure 3B) , suggests the possibility that competitive 3 6 8
interactions are in part mediated by the host. For instance, host innate immunity could 3 6 9 be a direct factor in determining the competitive outcome and final population density 3 7 0 of bacterial species within hosts (34). Equally, commensal bacteria could prime the 3 7 1 host immune response to limit pathogen colonization by causing an up-regulation of 3 7 2 antimicrobial peptides, such as AMP molecules in Aedes aegypti mosquitoes and 3 7 3
islet-derived protein 3γ in mice (35, 36) ; however, these would need to be specifically 3 7 4
targeted to non-symbiont species. Host involvement in this system is further 3 7 5
suggested by other experimental results showing that in vitro, Serratia is able to 3 7 6
outcompete Providencia (YW unpublished data), a result likely attributed to the faster 3 7 7 growth of this strain during in vitro culture. An important aim for future work will be 3 7 8
to clarify the factors that drive the competitive interactions between bacterial strains 3 7 9 during colonization. Figure 4B ). This is expected given the results from in 
